Abstract. This paper presents the harmonic elimination using an active power filter (APF) for three-phase system. The design and performance comparison study of the compensating current controllers are explained. The performance of the PI controller and the proportional plus resonant (P+RES) controller are compared in the paper. Moreover, the hardware implementation of the considered system is also presented in this paper. For the experimental results, the P+RES controller can provide a good performance to control the compensating current compared with using the PI controller.
Introduction
Power quality problems have an effect on the domestic and industrial electric systems. The harmonics are a part of the serious problems. The voltage source connected nonlinear loads can generate the harmonics into the electric systems. These harmonics cause many disadvantages [1] [2] [3] [4] [5] [6] [7] [8] such as loss in transmission lines and electric devices, protective device failures, measuring instrument malfunction and short-life electronic equipment in the system. Nowadays, there are several nonlinear loads. These loads can suddenly change. Therefore, the active power filter (APF) is used in the paper. The APF can provide the efficiency and flexibility [9] [10] [11] for the harmonic elimination.
The harmonic elimination system using the APF is shown in Fig. 1 . From Fig. 1 , there are four parts. In the first part, the considered power system is the balanced three-phase system. The second part is the APF topology [12] . In this paper, the three-leg split-capacitor topology [13, 14] is used to inject the compensating currents for harmonic elimination. The third part is the harmonic identification by using DQF method [15] . The last part is the control strategy. The aim of this paper is the performance improvement of the compensating current controller. Because it is significant to achieve the good performance for harmonic elimination. This paper presents the performance comparison of the compensating current controllers. The proportional plus resonant (P+RES) controller [16, 17] is considered to compare the performance with the proportional integral (PI) controller [18] . These controllers provide a small tracking error in steady state. However, when the non-linear load is changed, the P+RES controller can be adapted to control the compensating currents following on the significant harmonic orders in the system. Therefore, the P+RES controller can provide better results compared with PI controller. This paper presents the implementation of APF in order to verify the performance comparison of the PI and P+RES controllers. From the literature reviews, the control strategy for APF can be implemented by analog circuits (one cycle control [19] , PI control [20] , quasi steady state control [21] ) and digital techniques (adaptive linear element (Adaline) control [22] , PI control [23] , hysteresis control [24] , fuzzy logic control [25] , predictive control [26] , one cycle control [27] ). The advantages of analog circuits are fast computational time (no sampling time) and low cost. However, when the considered power system is changed, the control structure and parameters of analog circuits should be redesigned. Therefore, it is difficult and complicated. The design of control strategy is convenient and flexible to operate with the digital implementation. Moreover, the digital techniques provide a good control performance. In the paper, the proposed control strategy is performed by the digital signal processor (eZdsp TM F28335).
The paper is structured as follows. The design of the PI and P+RES controllers are described in Section 2. The experimental setup is expressed in Section 3. In Section 4, the experimental results and discussion are also shown. Finally, Section 5 concludes the advantage of the P+RES controller.
The Compensating Current Control

The Design of The PI Controller
The discrete design approach [28] is used to design the PI controller. This approach is suitable for the digital control. The block diagram to design the PI controllers on dq0-frame are illustrated in Fig. 2 . The desired dominant pole can be calculated in Eq. (2). The sampling time (Ts) and damping ratio (ζ) are defined to 25 μs and 0.7, respectively. The range of the considered harmonic frequencies for the compensating current control is 2500 Hz (50 harmonic orders). Therefore, the bandwidth of the current loops control (ωni) are equal to 15.71 rad/s. =1.54×10 6 . The details of the PI controller design can be found in the previous publications [18] .
The Design of The Proportional plus Resonant Controller
The P+RES controller is developed from the PI controller [16] . The block diagram considered the discrete design approach is depicted in Fig. 4 . From Fig. 4 , the root locus can be explained by using the closed-loop transfer function in Eq. (2) . The placement of poles and zero on Z-plane are shown in Fig. 5 . The poles of the closed-loop transfer function in Eq. (2) must be located in the stability boundary (unit circle on Zplane). The characteristic of quality factor ( Q ) is shown in Fig. 7 
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Experimental Setup
The experimental setup for the harmonic elimination system using an APF consists of two main parts. The first part is the experimental rig as shown in Fig. 9 . It can be seen in Fig. 9 that the experimental rig can be decomposed into four sections. The first section is the considered power system. The three-phase voltage source connected with the three-phase rectifiers is shown in number 1 to 5. The second section is the voltage/current sensors and signal conditioning circuits as shown in number 6. The PCC voltages ( The second part is the software for the control of the APF. The code composer studio (CCS v3.3) is used to program on eZdsp F28335 board. The overall flowchart to control the APF can be described in Fig.  10 . The phase locked loop algorithm, the DQF harmonic detection, the DC bus voltage control (PI), the compensating current control (PI, P+RES) and control strategy on dq0-axis are written in C programming languages by using the CCS v3.3. 
Experimental Results and Discussion
The harmonic identification and control strategy in Fig. 1 are supported by the hardware implementation. The APF parameters are designed following on the previous researches [29, 30] . The harmonic elimination results for the balanced three-phase system are depicted in Fig. 11-12 .
The performance of the proposed controller for harmonic elimination using the APF are tested with three load conditions. The first load condition is the amplitude of load currents at 2 A(peak) (RL=120 Ω, LL=0.1H). The second load condition is the amplitude of load currents at 3 A(peak) (RL=80 Ω, LL=0.1H). The third load condition is the amplitude of load currents at 4 A(peak) (RL=62 Ω, LL=0.1H).
The testing results of the harmonic elimination using a PI controller in Fig. 11 (a) -(c) show that this controller can control the compensating current even though the load is dynamic condition. From Fig. 11  (a)-(c) , the load currents ( Lu i , Lv i , Lw i ) before compensation are highly distorted waveform. The average total harmonic distortion (%THDav) of this current is equal to 29.3 %, as shown in Fig. 13 (a) The %THDav is equal to 10.66 %, as shown in Fig. 13 (b) . According to Fig. 11(a)-(b) , for the dynamic load testing, when the non-linear load resistor (RL) is changed from 120 Ω to 80 Ω and 80 Ω to 62 Ω, the waveforms of The results of the harmonic elimination using a P+RES controller are shown in Fig. 12 (a)-(c) . From the results in Fig. 12 (a)-(c) , this controller provides the good performance for harmonic elimination. The %THDav after compensation is equal to 9.28 %, as shown in Fig. 13 (c) . Therefore, the performance of the harmonic elimination with the P+RES controller is better than that from the PI controller. From the dynamic load testing, fig. 12 (a) and (b) show the waveform of i from PI controller. However, the focus of this paper is to achieve the performance of the harmonic elimination (%THD). From the results in Fig. 12 (d) Table 1 . The performance of the source currents before and after compensations.
Performance Index
The decrease of the amplitude of load currents (2 A(peak)) (RL = 120 Ω, LL = 0.1 H)
The load currents (3 A(peak)) (RL = 80 Ω, LL = 0.1 H) In addition, the APF topology as shown in Fig. 1 can compensate the harmonic current in the unbalanced three-phase system. But the testing for the harmonic elimination in this work is only considered in the balanced three-phase system. However, the authors will test the unbalanced three-phase system in the future work.
Conclusion
The PI and the proportional plus resonant (P+RES) controllers are designed by discrete design approach. The design of PI and P+RES controllers are fully presented in this paper. The harmonic elimination system with the three-leg split-capacitor APF and the overall control strategy on dq0-axis have been implemented. In the paper, the performance comparison of the compensating current control using the PI and the P+RES controllers is tested with dynamic load changing. The experimental results confirm that the proposed control strategy based on digital control is very useful to mitigate the harmonics in the system. The results show that the P+RES controller can provide the good performance of the harmonic elimination compared with the PI controller in term of %THD.
